I. INTRODUCTION
Atomic layer deposition (ALD) is a process that is increasingly being utilized for depositing the nanometer-scale, conformal layers required for many microelectronics applications. In general, ALD is a process in which material is deposited on one monolayer (or sub-monolayer) at a time by sequentially exposing a chemically functionalized surface to reactive precursors. [1] [2] [3] [4] A deposition cycle commonly consists of alternating injections of two or more reactive gasses separated in time by inert gas purges. Deposition cycles are repeated until a target thickness is achieved. Microelectronicsrelated applications of ALD include the deposition of high-permittivity (high κ) metal oxides, for gate dielectrics in complementary metal oxide semiconductor technology and capacitor dielectrics in dynamic random access memory technology, 1, 2, 5 as well as deposition of metal nitrides for diffusion barrier layers. 2, 5, 6 The development and implementation of in situ diagnostics for ALD processes is beneficial for a number of reasons, such as the elucidation of deposition chemistry, advanced process control, and validation of reactor-scale models. A critical aspect of employing any in situ diagnostic to investigate an ALD process is the diagnostic access to the reactor chamber. Ideally, the diagnostic access should not affect the deposition process, e.g., by perturbing gas flow or temperature distribution in the reactor. A variety of reactor chamber designs have been reported for ALD growth and each type can present different issues when designing diagnostic access.
The focus of this paper is on a perpendicular-flow, singlewafer thermal ALD reactor chamber design 4, 7 for microelectronics applications. While specific designs aspects vary, this class of reactors is generally designed to minimize ALD cycle times thereby maximizing wafer throughput. Two reactor design characteristics important for achieving operation with short gas residence times are (1) all reactor volumes must be efficiently swept by inert purges gases to minimize stagnant gas volumes that can result in virtual leaks and (2) all reactor surfaces must be effectively heated to minimize the presence of cold surfaces on which species can condense and subsequently desorb over time. 4 Hence, methods of achieving diagnostic access that do not result in large stagnant gas volumes and that are compatible with reactor operation at elevated temperature potentially offer the most flexibility for investigating a variety of ALD conditions of relevance to microelectronics applications.
Optical techniques represent an important class of in situ diagnostics that have been demonstrated to be useful for probing ALD processes, and numerous methods for achieving optical access have been utilized. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] For the purpose of putting the current paper in this context, three approaches for achieving optical access can be identified and these approaches can be contrasted with respect to the potential of each for simulating gas flow conditions with relevance to microelectronicsrelated ALD processes. One approach is to adapt an optical flow cell generally optimized for optical spectroscopy (e.g., transmission or attenuated total reflectance infrared spectroscopy) to permit the injection of process gases. [8] [9] [10] [11] 0034-6748/2012/83(8)/083106/7/$30.00
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This approach generally offers the least flexibility to operate under a range of microelectronics-relevant gas flow conditions because the geometric configuration of an optical cell is typically much different than that of a perpendicular-flow chamber. A second approach is to employ a traditional vacuum chamber with an optical window mounted in a flange on the end of a tube. Vacuum chambers employed in this approach can be conventional multiport ultra-high vacuum chambers [11] [12] [13] [14] [15] [16] [17] or vacuum chambers specifically designed for ALD or chemical vapor deposition. [18] [19] [20] [21] [22] [23] While many of these designs offer more flexibility than optical cell-based designs to operate under a range of microelectronics-relevant gas flow conditions, the presence of vacuum flanges on a tube produces volumes which are not efficiently swept by an inert gas purge (which typically separates reactive gas injections in ALD). The result is that, if mixing of reactive gases is to be avoided, purge times between precursor injections must be sufficiently long to permit removal of reactive gases from the un-swept volumes. The additional lines can be added for specifically purging an otherwise un-swept volume, thereby permitting reduced purge times. However, this is often at the cost of more complicated flow dynamics in the deposition region. A third approach for performing optical measurements of ALD processes is to incorporate a window into one of the ALD reactor chamber surfaces, rather than in a flange on the end of a tube. Investigations involving this approach have been reported in which either (1) a silica substrate was utilized as a combination window, chamber wall, and deposition substrate in a cross-flow reactor 24, 25 or (2) a section of chamber wall was replaced with a window in a perpendicular-flow reactor, as described in previous work by our group. 26, 27 This third approach potentially offers the most flexibility in operating at a wide range of microelectronics-relevant gas flow conditions because with this configuration gas flow can closely approximate that of a deposition chamber without optical access. Of course, this potential is only realized if diagnostic access does not significantly perturb gas dynamics. To help verify whether or not this is the case, it is useful to characterize the impact of diagnostic access on gas residence time, particularly with respect to the introduction of stagnant gas volumes and cold surfaces associated with achieving optical access. Such a characterization has yet to be reported in detail for a reactor design in which a section of chamber wall has been replaced with a window in a perpendicular-flow reactor.
The purpose of this paper is to provide a detailed description of the design and performance of a perpendicular-flow, single-wafer, diagnostic-accessible deposition chamber that incorporates optical access by replacing a section of chamber wall with a window. This specific reactor chamber design has been utilized by our group to investigate various ALD processes 27, 28 but the operating characteristics have not been reported in detail. The chamber design incorporates a cylindrical flow volume and employs aluminum walls to minimize temperature inhomogeneity of chamber surfaces. Optical access is achieved by recessing optical ports into the chamber walls. In this configuration, the distance between the interior surfaces of the window and the chamber wall is minimized, thereby minimizing perturbations to gas flow due to optical access. An additional advantage of the recessed optical port is that windows are in close thermal contact with the heated reactor walls, which helps reduce temperature gradients between the windows and the reactor walls. Hence, when operating with chamber surfaces at elevated temperatures, condensation of species on windows is minimized. A disadvantage of this design is that when performing optical measurements employing this recessed window configuration with chamber surfaces at elevated temperatures, an increase in the amplitude of optical intensity fluctuations is generally observed, compared to the amplitude of intensity fluctuations observed with unheated walls. The increase in observed intensity fluctuations is attributed to random beam steering due to variations in the refractive index of ambient air resulting from turbulent density gradients in the optical path, which arise due to the mixing of ambient air heated by the exterior reactor surfaces with relatively cool ambient air. While the intensity fluctuation amplitude depends on the measurement configuration, these intensity fluctuations tend to reduce the achievable signal-to-noise ratio of a given measurement. However, it was found that these increased intensity fluctuations could be reduced by isolating the optical path from ambient air. This decrease in observed intensity fluctuations is attributed to the reduction of turbulent mixing of hot and cold air in the optical path.
The remainder of this paper is organized as follows: First, a description of the reactor and diagnostic port design will be given. Second, a description of the reactor performance will be given, as characterized by computational fluid dynamics (CFD) simulations of the gas flow near the windows and the measurement of the window surfaces temperatures during operation. Third, the performances of two methods for reducing beam intensity fluctuations will be illustrated with direct absorption measurements using a near-infrared (IR) distributed feedback diode laser.
II. REACTOR DESIGN
A cross sectional diagram of the reactor design is shown in Fig. 1 . The reactor chamber design is based on a relatively common perpendicular-flow, single-wafer design in which gas is injected towards a wafer surface with the direction of gas flow being parallel to the wafer surface normal. 4, 7 The reactor chamber is formed using three parts; an expansion cone, which consists of a cylinder with a conical cutout, mounted to the reactor body, which consists of a simple flow tube with recessed diagnostic ports, terminated using an exhaust manifold with an attached wafer chuck assembly. The wafer chuck assembly is built for 50 mm wafers and is designed to move through the center of the reactor chamber along an axis parallel to gas flow. The expansion cone, reactor body, and wafer chuck assembly are independently heated. A pulsed gas injection system is attached to the top of the expansion cone for ALD.
Process gasses are introduced into the reactor chamber through four ≈4.8 mm inner diameter (ID) (0.25 in. outer diameter (OD)) gas injection lines (see (a) in Fig. 1 ), which are welded into a stainless steel disk in a symmetric 32 mm diameter circular pattern, with one injection line every 90
• . The stainless steel disk is vacuum sealed to the expansion cone. The expansion cone consists of a 112 mm OD, 110 mm long aluminum cylinder with a conical cutout which expands from a 50 mm ID to 102 mm ID over the length of the cone (see (b) in Fig. 1 ). The expansion cone is vacuum sealed to the top of the reactor body using a perfluoroelastomer O-ring. The expansion cone is heated using a wire wrap kapton 29 heater and insulated by wrapping the outer surfaces with nominally 6.3 mm thick ceramic paper. Temperature is monitored using a mineral insulated metal sheathed type-K thermocouple (providing a temperature accuracy of 2.2
• C, k = 2, at 250
• C) embedded in a thermocouple well located near the junction between the expansion cone and the injection lines.
The reactor body consists of an aluminum rectangular cuboid, 419 mm long, with a 152 mm × 152 mm square cross section and a 102 mm diameter cylindrical hole bored through the center, lengthwise (see (c) in Fig. 1 ). The reactor body has six diagnostic ports (described in detail in the following paragraph). Four diagnostic ports are located on the same horizontal plane and are positioned 90
• from one another (see (d) in Fig. 1 and (b) in Fig. 2 ). The center of each of these ports is located 158 mm from the top of the expansion cone (47 mm from the top of the reactor body plus an estimated 1 mm gap due to the O-ring used to make the vacuum seal between the expansion cone and the reactor body). Reactor pressure is monitored using a capacitance manometer mounted in a fifth diagnostic port located 241 mm from the top of the injection cone. A sixth diagnostic port, located 405 mm from the top of the expansion cone, serves as a view port for a load lock mounted to the side of the reactor (not shown). The reactor body is heated using four 16 mm diameter, 406 mm long cartridge heaters embedded into the reactor body and insulated by covering the outer surfaces with nominally 6.3 mm ceramic paper. The reactor body temperature is monitored using a mineral insulated metal sheathed type-K thermocouple (providing a temperature accuracy of 2.2
• C) embedded in a thermocouple well located near the junction between the reactor body and the expansion cone.
A cross sectional diagram of the diagnostic port design is shown in Fig. 3 . Each diagnostic port consists of a 42 mm diameter through hole to the vacuum side of the reactor body surrounded by an O-ring groove located at the bottom of a recessed well. The O-ring groove is sized for O-rings with an ID of 44.2 mm and a width of 1.8 mm (ID of 1.739 in., and a width of 0.070 in.). The well is sized to accommodate a disk of ≈50 mm diameter (which could be an optical window or an interface for another type of diagnostic, e.g., a diagnostic employing a metallic disk with an incorporated vacuum port). Each diagnostic port is designed to minimize the distance between the interior surfaces of the window and the reactor body wall, thereby minimizing perturbations to gas flow. The distance from the inside surface of the reactor wall to the inside surface of a disk placed in the port varies from 2.5 mm to 7.0 mm (assuming a 30% O-ring compression), due to the curvature of the reactor body walls. When using 50 mm diameter windows for optical diagnostics this design provides a clear aperture measuring 42 mm in diameter. Windows mounted in coplanar, parallel diagnostic ports provide an optical path length, as defined by the inside surface of each window, of nominally 107 mm. Windows can be held in place in a variety of ways. In this paper each window was vacuum sealed to the reactor body using a perfluoroelastomer O-ring and held in place using an O-ring compressed against the outside face of the window using a tubular aluminum window clamp. The window clamp described in this paper was 63 mm long, with a 35 mm ID (see (e) in Fig. 2 ). The end of the clamp compressing the O-ring against the window was notched to hold the O-ring (such that the notch and inside wall of the diagnostic port simulated an O-ring groove) and the opposite end of the window clamp was fabricated with a 40 mm nominal ID International Organization for Standardization (ISO) quick-release vacuum flange.
A wafer chuck assembly is radially centered in the reactor chamber and affixed to a linear actuator, allowing the wafer chuck assembly to move along the length of the reactor body. Figure 4 shows a cross sectional diagram of the wafer chuck assembly. A wafer is loaded into the reactor on an aluminum wafer boat (see (a) in Fig. 3) , which consisted of a disc, 66 mm in diameter and 29 mm tall, with a conical cutout in the bottom. The wafer boat is heated and located in the reactor body by resting on a heated stainless steel cone (see (b) in Fig. 3 ), machined to match the cutout in the bottom of the wafer boat. This mounting cone is 22 mm tall with a bottom diameter of 54 mm. Heating is achieved using a ceramic disk heater (see (c) in Fig. 3 ) attached to the backside of the mounting cone. The temperature of the mounting cone is monitored using a mineral insulated metal sheathed type-K thermocouple (providing a temperature accuracy of 2.2
• C) embedded in a thermocouple well located in the mounting cone (see (d) in Fig. 3 ). The mounting cone is welded to a 19 mm long stainless steel cylindrical housing (see (e) in Fig. 3) , with a 66 mm OD and a 57 mm ID. The housing in turn is welded to a 76 mm OD stainless steel bellows (see (f) in Fig. 3 ). The bellows is welded to a stainless steel exhaust manifold (not shown), described below. This configuration allows the inside of the housing, where the heater and the thermocouple are located, to remain at atmospheric pressure, while the outside is exposed to the environment in the reactor. The wafer chuck assembly is attached to the linear actuator using a 224 mm long flanged tube adapter, with a 28 mm ID and a 34 mm OD (see (g) in Fig. 3) , which bolts to the housing on one end and the linear actuator on the other. During normal reactor operation the wafer chuck assembly is positioned such that the top of the wafer chuck boat is centered on the four coplanar diagnostic ports located in the reactor body.
An exhaust manifold is vacuum sealed to the bottom of the reactor body using a perfluoroelastomer O-ring. The exhaust manifold consists of a 6 mm thick, 152 mm OD stainless steel disk to which is welded two 16 mm nominal ID ISO quick-release vacuum flanges and the bellows of the wafer chuck assembly. Gases are exhausted from the reactor through 16 mm nominal ID flexible bellows, mounted on each of the ISO quick-release vacuum flanges.
III. REACTOR PERFORMANCE CHARACTERIZATION
A. Gas flow
Computational fluid dynamics simulations
The addition of diagnostic ports in the reactor body creates localized discontinuities, at the junction between the curved reactor wall and each diagnostic port and between the diagnostic port recess and the inside window surface. These discontinuities may impact flow, possibly creating unswept volumes, recirculation patterns, and/or turbulent flow fields in the gas stream near the wafer surface, depending on deposition conditions. Numerical simulations of the steady state momentum and energy equations were carried out using commercial CFD software to determine if the integration of windows in recessed diagnostic ports near the wafer has a significant impact on gas flow near the wafer surface. A series of 25 simulations were performed for three gasses, helium, nitrogen, and argon, as a function of chamber pressure and flow rate. Chamber pressure was varied from 133 Pa to 13 332 Pa and the flow rate at standard temperature and pressure (abbreviated as STP and corresponding to 0
• C and 101.3 kPa) through each line was varied from 75 ml/min (sccm) to 1000 ml/min, for a total flow rate in the chamber of 300 ml/min to 4000 ml/min. The reactor chamber wall temperature was varied from 110
• C to 250
• C and the wafer surface temperature was varied from 110
• C to 500 • C.
Results and discussion
The CFD simulation results indicate that gas flow near the wafer is laminar at flow rates at and below 4000 ml/min for helium, 1000 ml/min for nitrogen, and 1000 ml/min for argon for all simulated pressures and temperatures. Under these laminar flow conditions, simulations predict the most dramatic flow effect resulting from integrating diagnostic ports (with associated windows) into the walls of the reactor body is the creation of small stagnant gas volumes in the corners of each port. This effect is illustrated in Fig. 5 for helium at a reactor pressure of 133 Pa and a total flow rate of 300 ml/min, with a wall and wafer surface temperature of 110
• C and 500
• C, respectively. Given the relatively low pressure of most ALD processes, the time required for a species to diffuse across the small stagnant gas volumes will be small relative to the time required to efficiently purge a given species from the entire volume of the reactor chamber. Therefore, the small stagnant gas volumes created by the recessed windows should have a negligible effect on reactor operations. For flow rates above those corresponding to laminar flow, recirculation patterns will start to impinge on the diagnostic ports near the window surface. These recirculation patterns exist as a result of the gas injection line and expansion cone geometry, not as a consequence of the diagnostic ports. However, the presence of these recirculation patterns makes it difficult to identify any flow effects associated with the diagnostic ports.
B. Window temperature

Experimental configuration
Windows placed in the diagnostic ports are not actively heated; therefore, window temperature is dependent on the heat transfer from the surrounding environment. To characterize the inner surface temperature of an installed window during typical reactor operation, a test window was instrumented with a thermocouple. Measurements were performed using a 5.7 mm-thick, 50 mm-diameter fused silica disc instrumented with a 0.05 mm diameter type-K bare wire thermocouple. The thermocouple bead was affixed to the inner surface of the window, near the center of the disc, using a magnesia-based ceramic adhesive. Efforts were taken to minimize heat transfer from sources other than the window surface by draping each thermocouple leg across the window surface and separately attaching each one ≈7.5 mm from the window center. The output of this thermocouple was monitored as the temperature of the wafer chuck assembly was varied from 110
• C to 400 • C. Window temperature measurements were performed while the reactor chamber temperature was maintained at 110
• C, as measured using the thermocouples embedded in the expansion cone and reactor body. The inside pressure in the reactor was 133 Pa with a helium total nominal flow rate of 300 ml/min (at STP). The gas injection lines were held at a nominally constant temperature of 110
• C. Figure 6 shows the measured inner window surface temperature as a function of wafer chuck assembly temperature, with a measured reactor chamber temperature of 110
Results and discussion
• C. With both the wafer chuck assembly temperature and the measured reactor chamber temperature at 110
• C the inner window surface temperature was measured to be 110
• C. The measured inside window surface temperature increases to about 250
• C as the wafer chuck assembly temperature is increased to 400
• C. Given the high thermal conductivity of aluminum and the close proximity between the thermocouple well in the reactor body and the coplanar diagnostic ports, the reactor chamber temperature near the coplanar diagnostic ports is assumed to be both isothermal and equal to the measured reactor chamber temperature. It is concluded that while operating the reactor at 110
• C, under conditions in which the wafer chuck assembly temperature is greater than or equal to the reactor body, the inside window surface temperature is equal to or greater than the measured reactor chamber temperature. The elevated temperature of the inner window surface, relative to the reactor chamber, should minimize species condensation on the windows; however, precursor decomposition on the window surfaces may be a concern at higher wafer chuck assembly temperatures.
IV. WINDOW PORT CONFIGURATIONS FOR INTENSITY FLUCTUATION REDUCTION
A. Experimental configuration
When optical measurements were performed with heated reactor walls, an increase in the amplitude of intensity fluctuations was observed compared to measurements performed with unheated walls. To demonstrate methods of reducing intensity fluctuations when operating with heated walls, the intensity variation of radiation that was passed through the ALD chamber was measured as a function of time in three different window port configurations. The three configurations are shown in Fig. 7 : (a) a single window configuration; (b) a window and orifice configuration; and (c) a double window configuration. The single window configuration consisted of a single CaF 2 window placed in each of a pair of parallel, coplanar, diagnostic ports, as depicted in Fig. 1 (a configuration involving only the two recessed windows). The other two configurations involved enclosing the optical path in some manner. The window and orifice configuration consisted of mounting an iris diaphragm to the end of a 68 mm-long stainless steel tube and sealing the tube to the open end of each of the two window clamps used in the single window configuration. The iris diaphragm ID was reduced to the approximate beam diameter (≈2.5 mm ID) to maximize gas containment in the tube without vignetting the beam and thereby possibly introducing additional intensity variations. The double window configuration involved replacing each of the two iris diaphragms used in the window and orifice configuration with a CaF 2 window, each of which was sealed with an O-ring to the end of a 42 mm-long, ≈35 mm ID stainless steel tube (shorter than the tube utilized for the window and orifice configuration).
The intensity of radiation emitted from a distributed feedback diode laser operating at nominally 1392 nm was measured as a function of time using a 10 MHz bandwidth InGaAs photoreceiver in these three configurations. Laser radiation was transferred to the reactor using a fiber optic terminated with an optical collimator, resulting in ≈0.5 mW of radiation being incident on the photoreceiver. The photoreceiver output was digitized and stored at a rate of 200 Hz for 20 s. For each measurement, the surface of the wafer chuck was positioned 83 mm below the center line of the coplanar diagnostic ports. The total nominal helium flow rate through the reactor was 300 ml/min (at STP) at a reactor pressure of 133 Pa. In the single window configuration, measurements were taken with the reactor walls at room temperature, ≈20
• C and at 110
• C. For both the window and orifice and double window configurations, measurements were taken with the reactor walls at 110
• C. Figure 8 shows the amplitude of the beam intensity fluctuations measured in the three window configurations, depicted in Fig. 7 , at various temperatures: (a) the single window configuration with wall temperatures of ≈20
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• C and 110 • C; (b) the window and orifice configuration with a wall temperature of 110
• C; and (c) the double window configuration with a wall temperature of 110
• C. As is evident from Fig. 8(a) , increasing the reactor wall temperature from ≈20
• C to 110
• C in the single window configuration resulted in an increase in the observed intensity fluctuations by approximately an order of magnitude. The increase in observed intensity fluctuations is attributed to random beam steering due to variations in the refractive index of ambient air resulting from turbulent density gradients in the optical path, which arise due to the mixing of air heated by the reactor walls with relatively cool ambient air. By employing either the window and orifice or the double window configuration, the observed intensity fluctuations were comparable to that in the single window configuration at ≈20
• C (see Figs. 8(b) and 8(c)). The decrease in observed intensity fluctuations is attributed to the reduction of turbulent mixing between hot and cold air in the beam path.
V. CONCLUSION
In this paper a detailed description is given of the design and performance of a diagnostic-accessible, perpendicularflow, single-wafer deposition chamber that incorporates optical access by replacing a section of chamber wall with a recessed window port. Using CFD simulations, the presence of the optical ports is shown to result in minimal perturbations to gas flow as compared to a design without optical ports. Assuming the aluminum walls of the reactor are isothermal near the coplanar diagnostic ports, temperature measurements performed on the interior window surface suggest that while operating the reactor chamber at 110
• C with wafer chuck assembly temperatures at or above 110
• C the interior window surface is equal to or greater than the reactor chamber temperature -thereby minimizing species condensation on the windows (although precursor decomposition on the window surface may be a concern at higher wafer chuck assembly temperatures). A consequence of this optical access design was that when performing optical measurements with chamber surfaces at elevated temperatures, an increase in the amplitude of optical intensity fluctuations was generally observed that tended to reduce the achievable signal-to-noise ratio of a given optical measurement. These intensity fluctuations could be readily reduced by enclosing the optical path. The performances of two straight-forward methods to do this were demonstrated. Verifying that the all reactor surfaces are both effectively heated and well swept effectively minimizes gas residence times, making it useful for simulating a wide range of gas flow conditions with relevance to microelectronics-related ALD processes.
